Here we demonstrate a method to tune ferroelectric imprint, which is stable in time, based on the coupling between the non-switchable polarization of ZnO and switchable polarization of PbZrxTi(1-x)O3.
Ferroelectric devices based on metal-ferroelectric-metal (MFM) and metal-ferroelectricsemiconductor (MFS) heterostructures are interesting both from the application point of view e.g. in memories and other electronic applications as well as for understanding the fundamental physics [1] [2] [3] [4] [5] [6] . Traditionally, the ferroelectric random access memory (FeRAM) and the ferroelectric field effect transistor (FeFET) have always been major fields of application [1] [2] [3] [4] [5] [6] .
Recently, a lot of focus is also being given to the ferroelectric resistive memory (RRAM) based on the ferroelectric tunnel junction (FTJ) and switchable diode effects because of their nonvolatility, non-destructive and fast switching characteristics 7, 8 . It will also be of interest to see if the ferroelectric switching properties can be modified to our advantage for specific purposes.
In a FeFET the biggest challenge is having too short polarization retention times, which do not allow realistic applications [9] [10] [11] . In such a device the ferroelectric is in contact with a semiconductor, which has a finite screening length as compared to the Thomas-Fermi screening length in a metal) which gives rise to finite depolarizing field. Because of the depolarizing effect arising from this incomplete screening, the ferroelectric polarization is not stable for long time periods 10, 11 . It would be of great significance if one could make a FeFET in which the polarization is not lost by pinning it in one direction, thus stabilizing the ferroelectric polarization in one direction. This can be manifested by an imprint in the P-E hysteresis loop. This will lead to a longer retention time of the ferroelectric in the FeFET device, making it suitable for practical applications. Also, for newer generation kinetic memories e.g. phase change memory and RRAM the basic concept is to make two thermodynamically inequivalent temporally stable states with different (electrical) properties 8, 12 . Another application, in which ferroelectric imprint tuning is important is in the case of MEMS devices. It was shown recently that imprint in P-E hysteresis loop can be used advantageously to achieve a high figure of merit (figure of merit is inversely proportional to the dielectric permittivity of the ferroelectric at 0 V) in MEMS devices 13 .
Ferroelectric imprint has been one of the main features of FeRAM devices 2, 3 . The asymmetry of the ferroelectric loop has been explained by several mechanisms, such as the presence of a ferroelectrically dead layer, a ferroelectric-electrode rectifying contact, by defect domain pinning or by interface charge injection. But none of these imprint phenomena have been shown to be temporally stable, nor have been demonstrated for tunability. Furthermore, the observed imprint appears to be very much processing dependent [14] [15] [16] [17] [18] . For all the above cases, it would be helpful if one could devise a method to create a ferroelectric imprint which is temporally as well as stable on multiple cycling, tunable and process independent.
In this paper we report on a simple method to tune the imprint of a ferroelectric which is temporally stable and in principle should be process independent. To achieve the goal of stabilizing one state of polarization over another, we have chosen heterostructures of ZnO and PbZ0.58Ti0.42O3(PZT(58/42)) as a model system. PZT(58/42) in the rhombohedral phase (space group R3m) has a ferroelectric polarization along the (111)c direction (20) . ZnO in its parent wurtzite structure (space group P63cm) has a non-switchable polarization along the (0001)h direction 19, 20 . Growing the PZT along the (pseudo) cubic (111)c direction provides us with the unique opportunity to study interaction between the switchable and non-switchable polarization at the interface. Because of the non-switchable polarization of ZnO one polarization state of PZT should be more stable than the other. The electric field due to the dipole is directly proportional to the thickness of the layer (tZnO) and its in-built polarization (PZnO). Hence, it would be very important to see how the ferroelectric imprint varies with the thickness of the ZnO. The thickness of the non-switchable ZnO layer is dZnO and the thickness of the switchable PZT is dPZT. The dielectric permittivity and polarization of ZnO and PZT are εZnO, εPZT and PZnO, PPZT respectively. Applying the condition of the continuity of the electric displacement field across the PZT/ZnO interface and calculate the applied voltage across the layer stack we can write
EZnO, EPZT are the electric fields across the piezoelectric and the ferroelectric respectively and Vapp is the applied voltage. In order to find the offset voltage Voff, i.e. the difference in voltage that can produce the same amount of switching for both the biases we need to balance the VPZT for both the biases. The intrinsic coercive field of the PZT will remain the same only the applied voltage across the PZT will get changed for opposite biases due to the built in field. Following this we arrive at
It can be seen from the Equation4 that the imprint (Voff) is linearly dependent on the thickness of the non-switchable ZnO. In order to obtain a high imprint the non-switchable material should have a high polarization and a low dielectric constant. But on the other hand a low dielectric constant material will also increase the operating voltage, as is evident from Equation 3. We can also see Herein, we show that we can tune the imprint in a ferroelectric by changing the thickness of the non-switching ZnO layer which is temporally stable. Capacitor structures of SrRuO3(80 nm)/PZT(58/42)(1000 nm)/ZnO(25-150 nm)/SrRuO3 (80 nm) were fabricated on STiO3 (111) substrates using pulsed laser deposition followed by photolithography and etching 22 . For the purpose of tuning the ferroelectric imprint devices with four different thicknesses of ZnO, 25 nm, 50 nm, 100 nm and 150 nm as well as a device without ZnO, were fabricated. Hereon, we name these samples PZT25, PZT50, PZT100, PZT150 and PZT0, respectively. The SrRuO3 and PZT grow epitaxially on SrTiO3 in the (111)c direction whereas ZnO grows preferentially in the (0001)h direction. The ferroelectric characterizations were carried out at room temperature using aixACCT 3000 TF Analyzer set up. From the reciprocal space map it was seen that the PZT films are fully strain relaxed.
In order, to measure the tuning of the ferroelectric hysteresis with ZnO thickness we measured the P-E hysteresis loop for the four different thicknesses of ZnO along with PZT without any ZnO. In Figure 1 we show the P-E hysteresis loops of the PZT0 and PZT100 devices measured at 100 Hz. In case the imprint is dominated by a depletion effect it should scale inversely with the thickness of PZT which was not observed (Figure 2 inset) . Furthermore, symmetrical capacitance voltage measurements also showed there was no significant depletion layer formation inside the ZnO layer.
To understand the effect of the free charge carriers in ZnO as described by Equation 5 , we annealed all the samples at 600°C for 15 mins in O2 atmosphere to decrease the free charge carriers in ZnO.
We can see that upon annealing ( Figure 3 ) the slope of the imprint vs ZnO thickness increases according to Equation 5 . This shows that a more insulating ZnO layer would be more efficient for inducing imprint.
To make sure that the imprint is stable upon aging a cyclical voltage of ±35V was applied at 1 Hz frequency for up to 1000 secs. It was seen that even after 1000 secs of cycling the imprint didn't change by more than 4% for all the samples.
Waser et al 14, 15 showed that the imprint in ferroelectrics is caused by an interface field at the ferroelectric-electrode interface arising due to the finite separation between the polarization and screening charges. This interface field leads to charge injection from the electrode into the film which gets trapped at the interface and since the ferroelectric switching time is much faster than the charge detrapping time these trapped charges at the interface give rise to an imprint increasing with time. In the case when the imprint arises due to the interface field which is along the direction of polarization upon poling the sample in one direction the samples prefers that state due to electrical stress due to more charge injection and trapping 15, 18 . On application of a constant electric field along (or opposite to) the direction of this built in field would lead to an increase (decrease) of the imprint.
To test the role of the above mechanism role we investigated how the imprint evolves with time and also the effect of a constant voltage along to the direction of the imprint on the voltage shift.
In Figure 4 we can see that for all the samples the imprint remains almost constant with time with which shows that the imprint is very stable to the effect of interface field. In Figure 4 inset we show that for PZT100 the application of a constant voltage leads to a very small change in the imprint as compared to the 0 V as a function of aging time. As a matter of fact, it's seen that the imprint actually decreases with time, indicating that the direction of the induced imprint is opposite to the direction of the interface field. Similar trends were also observed for all the PZT25 and PZT50 but for PZT0 the imprint increased with time as was also observed by Waser et al 14 . These observations show that the role of interface screening in inducing imprint is very small compared 7 to that induced by the ZnO layer. Also, the imprint induced by interface field increase with increase in temperature which was not observed in our case, on the contrary the imprint increased with decrease in temperature (the results based on the temperature and frequency dependency of the hysteresis loop has been analysed in terms of nucleation and growth of domains and will be reported elsewhere).
In conclusion, we have shown that the imprint in a ferroelectric can be controlled and analyzed the underlying mechanism behind this phenomenon. Control of ferroelectric imprint is necessary for
FeFET which has very short retention time as well as for RRAM based kinetic memories where it is necessary to make one state more stable than the other. Moreover, tunable imprint in a ferroelectric, which is also stable over time can lead to higher figures of merit and stable performance in energy harvesters. Our results have shown that the imprint or the offset voltage is directly proportional to the thickness of the ZnO layer thickness.
1. Ferroelectric P-E hysteresis loop measured at 100 Hz of the PZT and PZT100. The figure shows significant imprint for the PZT100 sample as well as opening up of the loop due to increase in the coercive fields. shows the evolution of the imprint for PZT100 upon application of a constant field along the direction of the imprint, the decrease in imprint with voltage shows that the direction of the imprint induced by the ZnO layer is opposite to that of the interface field.
